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Abstract. A 3-D novel double-convection chaotic system with three nonlinearities is proposed 
in this research work. The dynamical properties of the new chaotic system are described in terms 
of phase portraits, Lyapunov exponents, Kaplan-Yorke dimension, dissipativity, stability 
analysis of equilibria, etc. Adaptive control and synchronization of the new chaotic system with 
unknown parameters are achieved via nonlinear controllers and the results are established using 
Lyapunov stability theory. Furthermore, an electronic circuit realization of the new 3-D novel 
chaotic system is presented in detail. Finally, the circuit experimental results of the 3-D novel 
chaotic attractor show agreement with the numerical simulations. 
1.  Introduction 
A chaotic system is commonly defined as a nonlinear dynamical system that is highly sensitive to even 
small perturbations in its initial conditions [1-4]. In other words, a chaotic system is a nonlinear 
dynamical system with at least one positive Lyapunov exponent. In the last two decades, many new 
chaotic systems have been discovered such as Tigan system [5], Li system [6], Jafari system [7], 
Sundarapandian systems [8-9], Pehlivan system [10], Vaidyanathan systems [11-14], Molaie systems 
[15], Tacha system [16], Sampath system [17], Volos system [18], Wang system [19], Pham systems 
[20-22], etc.  
Chaos theory has several applications in science and engineering such as oscillators [23-25], 
chemical reactors [26-28], Tokamak systems [29], voice encryption [30], population biology [31-32], 
robotics [33-34], neural networks [35-36], memristors [37-38], secure communication system [39-41] 
etc. 
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The problem of chaos control of a chaotic system is to find a state feedback control law to stabilize 
a chaotic system around its unstable equilibrium [1-4]. The problem of synchronization of two chaotic 
systems deals with synchronizing identical state trajectories of a pair of chaotic systems called master 
and slave systems asymptotically [1-4]. Some popular methods for chaos control and synchronization 
of chaotic systems can be listed as an active control, adaptive control, backstepping control, fuzzy 
control, sliding mode control etc., which are outlined in [1-4].  
Rucklidge chaotic system is a popular model in mechanics for nonlinear double convection [42].  
When the convection takes place in a fluid layer rotating uniformly about a vertical axis and in the limit 
of tall thin rolls, convection in an imposed vertical magnetic field and convection in a rotating fluid layer 
are both modeled by Rucklidge’s 3-D system of differential equations, which produces chaotic solutions.   
In this work, we modify the dynamics of Rucklidge system [42] and derive a new double-convection 
chaotic system with an absolute nonlinearity and two quadratic nonlinearities. The phase portraits of the 
new chaotic system are displayed in Section 2, and the dynamical properties of the new chaotic system 
such as dissipativity, equilibria analysis, Lyapunov exponents, Kaplan-Yorke dimension, etc. are 
analyzed in Section 3. Lyapunov exponents of the new chaotic system are obtained as 1 0.4684,L =  
2 0L = and 3 3.6684.L = − The Kaplan-Yorke dimension of the new system is found as 2.1277.KYD =  
Adaptive control and synchronization of the new chaotic system with unknown system parameters 
are discussed in Sections 4 and 5, respectively. The main adaptive control results derived in this work 
are established using Lyapunov stability theory [43]. Furthermore, an electronic circuit realization of 
the new chaotic system is presented in detail in Section 6. The circuit experimental results of the new 
chaotic attractor show agreement with the numerical simulations. Section 7 contains the conclusions. 
2.  A new nonlinear double-convection chaotic system 
In fluid mechanics modeling, cases of two-dimensional convection in a horizontal layer of Boussinesq 
fluid with lateral constraints were considered by Rucklidge [42].  When the convection takes place in a 
fluid layer rotating uniformly about a vertical axis and in the limit of tall thin rolls, convection in an 
imposed vertical magnetic field and convection in a rotating fluid layer are both modeled by a new third-
order set of ordinary differential equations, which produces chaotic solutions. 
The Rucklidge chaotic system is described by the 3-D dynamics   
 
1 1 2 2 3
2 1
2
3 3 2
x ax bx x x
x x
x x x
 = − + −

=

= − +
ɺ
ɺ
ɺ
       (1) 
where 1 2 3, ,x x x are state variables and ,a b are positive constants. In [42], it was established that the 
system (1) is chaotic for 2.2a = and 6.7.b =  
In this work, we modify the dynamics of Rucklidge chaotic system (1) and obtain a new dynamics 
for nonlinear double convection as 
  
1 1 2 2 2 3
2 1
2
3 3 2
| |x ax bx x x x
x x
x x x
 = − + − −

=

= − +
ɺ
ɺ
ɺ
      (2) 
where 1 2 3, ,x x x are state variables and ,a b are positive constants. 
In this paper, we show that the system (2) is chaotic for the parameter values 
  
2.2,   18a b= =
        (3) 
For numerical simulations, we take the initial values of the system (2) as 
  1 2 3(0) 0.2,   (0) 0.2,   (0) 0.2x x x= = =      (4) 
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Figure 1 shows the phase portraits strange attractor of the new double-convection chaotic system (2) 
for the parameter values (3) and initial conditions (4).  Figure 1 (a) shows the 3-D phase portrait of the 
nonlinear double-convection chaotic system (2). Figures 1 (b)-(c) show the projections of the strange 
attractor of the nonlinear double-convection chaotic system (2) in ( )1 2, ,x x  ( )2 3,x x and ( )1 3,x x
coordinate planes, respectively. 
 
 
Figure 1. Phase portraits of the new chaotic system (2) for 2.2,  18a b= =    
3.  Dynamical properties of the new chaotic system 
In this section, we take the parameter values as in the chaotic case, i.e. 2.2a =  and 18.b =  
3.1.  Dissipativity 
If V denotes any volume along the flow of the new chaotic system (2), then      
31 2
1 2 3
1 0xx xV a
x x x
µ∂∂ ∂∇ ⋅ = + + = − − = − <
∂ ∂ ∂
ɺɺ ɺ
     (5) 
where 1 0.aµ = + >   
This shows that .V Vµ= −ɺ  Integrating, we get 
 ( )( ) exp (0)V t t Vµ= −        (6) 
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Thus, the new chaotic system (2) is dissipative. Hence, the system limit sets are ultimately confined 
into a specific limit set of zero volume, and the asymptotic motion of the novel chaotic system (2) settles 
into a strange attractor of the system. 
3.2.  Equilibrium points 
The equilibrium points of the system (2) are obtained by solving the system of equations 
2
1 2 2 3 1 3 20,   0,   0ax bx x x x x x− + − = = − + =      (7) 
We take the parameter values as in the chaotic case (3), i.e. 2.2a =  and 18.b =  
A simple calculation shows that the new chaotic system (2) has three equilibrium points given by  
 0
0
0 ,
0
E
 
 
=  
  
  1
0
4.1231 ,
17
E
 
 
=  
  
  2
0
4.3589
19
E
 
 
= − 
  
    (8) 
 
To check the stability of the equilibrium points, we calculate the Jacobian of the system (2) as 
   
2 3 2
2
sign( )
( ) 1 0 0
0 2 1
a b x x x
J x
x
− − − − 
 
=  
 − 
    (9) 
Let 0 0( ),J J E= 1 1( )J J E=  and 2 2( ).J J E=  We find that 0J has the eigenvalues  
 1 1,λ = −  2 5.4829,λ = −  3 3.2829λ =     (10) 
This shows that the equilibrium point 0E  is a saddle point. Hence, it is unstable. 
Next, we find that 1J  has the eigenvalues  
   1 2,34.4335,   0.6168 2.6997iλ λ= − = ±     (11) 
This shows that the equilibrium point 1E  is a saddle-focus. Hence, it is unstable. 
We also find that 2J has the eigenvalues 
 1 2,34.5512,   0.6756 2.8095iλ λ= − = ±     (12) 
This shows that the equilibrium point 2E  is a saddle-focus. Hence, it is unstable. 
3.3.  Lyapunov exponents and Kaplan-Yorke dimension 
The parameters of the new system (2) are taken as 2.2a =  and 18.b =  The initial state of the system 
(2) is taken as (0) 0.2ix =  for  1,2,3.i =  
The Lyapunov exponents of the system (2) are calculated using Wolf’s algorithm [44] (see Figure 2) 
as 
   1 2 30.4684,   0,   3.6684.L L L= = = −     (13) 
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Figure 2. Lyapunov exponents of the new chaotic system (2) 
  
The Kaplan-Yorke dimension of the new chaotic system (2) is calculated as 
 
1 2
3
2 2.1277KY
L LD
L
+
= + =      (14) 
3.4.  Symmetry and invariance 
The new chaotic system (2) is invariant under the coordinate transformation 
 1 2 3 1 2 3( , , ) ( , , )x x x x x x− −֏      (15) 
This shows that the chaotic system (2) has a rotation symmetry about the 3x − axis. Hence, every 
non-trivial trajectory of the system (2) must have a twin trajectory.  
Also, the 3x − axis is invariant under the flow of the new chaotic system (2). This invariant flow is 
characterized by the 1-D dynamics 3 3x x= −ɺ which is exponentially stable. 
4.  Adaptive control of the new chaotic system 
In this section, we consider the controlled new chaotic system given by 
  
1 1 2 2 2 3 1
2 1 2
2
3 3 2 3
| |x ax bx x x x u
x x u
x x x u
 = − + − − +

= +

= − + +
ɺ
ɺ
ɺ
      (16) 
where 1 2 3, ,  x x x are the states and ,  a b are unknown system parameters.    
We consider the adaptive controller defined by  
 
1 1 2 2 2 3 1 1
2 1 2 2
2
3 3 2 3 3
ˆ
ˆ( ) ( ) | |u a t x b t x x x x k x
u x k x
u x x k x
 = − + + −

= − −

= − −
     (17) 
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where ˆˆ( ), ( )a t b t  are estimates of  ,a b   respectively and 1 2 3, ,k k k  are positive constants. 
Substituting (17) into (16), we obtain the closed-loop system 
  
1 1 2 1 1
2 2 2
3 3 3
ˆ
ˆ[ ( )] [ ( )]x a a t x b b t x k x
x k x
x k x
 = − − + − −

= −

= −
ɺ
ɺ
ɺ
     (18) 
We define parameter estimation errors as follows: 
 
ˆ( ) ( )
ˆ( ) ( )
a
b
e t a a t
e t b b t
= −

= −
        (19) 
Using (19), the closed loop system (18) reduces to 
  
1 1 2 1 1
2 2 2
3 3 3
a bx e x e x k x
x k x
x k x
= − + −

= −

= −
ɺ
ɺ
ɺ
       (20) 
Differentiating (19) with respect to ,t  we get 
 
ˆ( ) ( )
ˆ( ) ( )
a
b
e t a t
e t b t
 = −

= −
ɺɺ
ɺ
ɺ
        (21) 
Next, we consider the Lyapunov function defined by 
 ( ) ( )2 2 2 2 21 2 3 1 2 31, , , , 2a b a bV x x x e e x x x e e= + + + +     (22) 
which is positive definite on 5.R  
Differentiating V along the trajectories of (20) and (21), we obtain 
  ( ) ( )2 2 2 21 1 2 2 3 3 1 1 2 ˆˆa bV k x k x k x e x a e x x b= − − − + − − + − ɺɺɺ     (23) 
In view of (23), we take the parameter update law as  
  
2
1
1 2
ˆ
ˆ
a x
b x x
 = −

=
ɺ
ɺ
        (24) 
Next, we prove the main theorem of this section. 
Theorem 1. The new chaotic system (16) with unknown parameters is globally and asymptotically 
stabilized by the adaptive control law (17) and the parameter update law (24), where 1 2 3, ,k k k  are 
positive constants.  
 Proof.  The Lyapunov function V  defined by (22) is quadratic and positive definite on 5.R   
 By substituting the parameter update law (24) into (23), we obtain the time-derivative of V as 
  
2 2 2
1 1 2 2 3 3V k x k x k x= − − −ɺ        (25) 
which is negative semi-definite on 5.R  
Thus, by Barbalat’s lemma [43], it follows that the closed-loop system (20) is globally asymptotically 
stable for all initial conditions 3(0) .x ∈R  
Hence, we conclude that the new chaotic system (16) with unknown parameters is globally and 
asymptotically stabilized by the adaptive control law (17) and the parameter update law (24), where 
1 2 3, ,k k k are positive constants. This completes the proof.      
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For numerical simulations, we take the gain constants as 10ik = for 1,2,3.i =  
We take the parameter values as in the chaotic case (3), i.e. 2.2a = and 18.b =   
We take the initial conditions of the states of the new chaotic system (16) as 1(0) 18.3,x =
2(0) 11.7x = and 3 (0) 16.4.x =   
We take the initial conditions of the parameter estimates as ˆ(0) 7.5a = and ˆ(0) 6.8.b =  
 Figure 3 shows the time-history of the states of the new chaotic system (16) after the implementation 
of the adaptive control law (17) and the parameter update law (24). 
 
 
 Figure 3. Time-history of the controlled state trajectories of the new chaotic system 
5.  Adaptive synchronization of the new chaotic system 
In this section, we use the adaptive control to synchronize a pair of identical new chaotic systems with 
unknown state parameters. 
As the master system, we consider the new chaotic system given by 
1 1 2 2 2 3
2 1
2
3 3 2
| |x ax bx x x x
x x
x x x
 = − + − −

=

= − +
ɺ
ɺ
ɺ
      (26) 
where 1 2 3, ,x x x are the states and ,a b are unknown parameters. 
As the slave system, we consider the new chaotic system given by 
1 1 2 2 2 3 1
2 1 2
2
3 3 2 3
| |y ay by y y y u
y y u
y y y u
 = − + − − +

= +

= − + +
ɺ
ɺ
ɺ
      (27) 
where 1 2 3, ,y y y are the states and 1 2 3, ,u u u are adaptive controls to be designed. 
The synchronization error between the systems (26) and (27) is defined as 
  
1 1 1
2 2 2
3 3 3
e y x
e y x
e y x
= −

= −

= −
        (28) 
The error dynamics is obtained as 
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1 1 2 2 2 2 3 2 3 1
2 1 2
2 2
3 3 2 2 3
| | | |e ae be y x y y x x u
e e u
e e y x u
 = − + − + − + +

= +

= − + − +
ɺ
ɺ
ɺ
    (29) 
We consider the adaptive control defined by 
  
1 1 2 2 2 2 3 2 3 1 1
2 1 2 2
2 2
3 3 2 2 3 3
ˆ
ˆ( ) ( ) | | | |u a t e b t e y x y y x x k e
u e k e
u e y x k e
 = − + − + − −

= − −

= − + −
    (30) 
where 1 2 3, ,k k k are positive gain constants. 
Substituting (30) into (29), we obtain the closed-loop system 
 
1 1 2 1 1
2 2 2
3 3 3
ˆ
ˆ[ ( )] [ ( )]e a a t e b b t e k e
e k e
e k e
 = − − + − −

= −

= −
ɺ
ɺ
ɺ
     (31) 
We define the parameter estimation errors as 
 
ˆ( ) ( )
ˆ( ) ( )
a
b
e t a a t
e t b b t
= −

= −
        (32) 
Using (32), we can simplify (31) as 
 
1 1 2 1 1
2 2 2
3 3 3
a be e e e e k e
e k e
e k e
= − + −

= −

= −
ɺ
ɺ
ɺ
       (33) 
Differentiating (32) with respect to ,t we obtain 
 
ˆ( ) ( )
ˆ( ) ( )
a
b
e t a t
e t b t
 = −

= −
ɺɺ
ɺ
ɺ
        (34) 
Next, we consider the Lyapunov function defined by 
 ( ) ( )2 2 2 2 21 2 3 1 2 31, , , , 2a b a bV e e e e e e e e e e= + + + +     (35) 
which is positive definite on 5.R  
Differentiating V along the trajectories of (33) and (34), we obtain 
  ( ) ( )2 2 2 21 1 2 2 3 3 1 1 2 ˆˆa bV k e k e k e e e a e e e b= − − − + − − + − ɺɺɺ     (36) 
In view of (36), we take the parameter update law as  
  
2
1
1 2
ˆ
ˆ
a e
b e e
 = −

=
ɺ
ɺ
        (37) 
Next, we prove the main theorem of this section. 
Theorem 2. The new chaotic systems (26) and (27) with unknown parameters are globally and 
asymptotically stabilized by the adaptive control law (30) and the parameter update law (37), where 
1 2 3, ,k k k  are positive constants.  
 Proof.  The Lyapunov function V  defined by (35) is quadratic and positive definite on 5.R   
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 By substituting the parameter update law (37) into (36), we obtain the time-derivative of V as 
  
2 2 2
1 1 2 2 3 3V k e k e k e= − − −ɺ        (38) 
which is negative semi-definite on 5.R  
Thus, by Barbalat’s lemma [43], it follows that the closed-loop system (33) is globally asymptotically 
stable for all initial conditions 3(0) .e ∈R  
Hence, we conclude that the new chaotic systems (26) and (27) with unknown parameters are 
globally and asymptotically stabilized by the adaptive control law (30) and the parameter update law 
(37), where 1 2 3, ,k k k are positive constants. This completes the proof.     
For numerical simulations, we take the gain constants as 10ik = for 1,2,3.i =  
We take the parameter values as in the chaotic case (3), i.e. 2.2a = and 18.b =   
We take the initial conditions of the states of the master system (26) as 1(0) 20.2,x = 2(0) 6.4x =
and 3 (0) 15.1.x =  
We take the initial conditions of the states of the slave system (27) as 1(0) 18.5,y = 2(0) 12.3y =
and 3(0) 10.7.y =  
We take the initial conditions of the parameter estimates as ˆ (0) 16.3a = and ˆ(0) 5.8.b =  
Figure 4 shows the synchronization of the states of the new chaotic systems (26) and (27).  
Figure 5 shows the time-history of the synchronization errors 1 2 3, , .e e e  
 
 
Figure 4. Complete synchronization of the new chaotic systems 
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Figure 5. Time-history of the synchronization errors for the new chaotic systems 
6.  Circuit implementation of the new double-convection chaotic system 
 
Electronic circuit provides an alternative approach to exploring new chaotic system (2). In this 
section, we design and build an electronic circuit of the system (2) as shown in Figure 6. In more details,  
there are three integrators (U1A, U3A, U5A), which are created by the operational amplifiers. The circuit 
consists of simple electronic elements, such as resistors, capacitors, operational amplifiers, analog 
devices AD633 multipliers and two diodes  (1N4148),  which provide the signal  |X2|. By applying 
Kirchhoﬀ’s laws to the circuit in Figure 6, its circuital equations are derived in the following form: 
 









+−=
=
−+−−=
2
2
7363
3
1
52
2
32
41
2
31
2
21
1
11
1
10
11
1
10
11||11
x
RC
z
RC
x
x
RC
x
xx
RC
x
RC
x
RC
x
RC
x
ɺ
ɺ
ɺ
     (39) 
 
We choose the values of the circuital elements as 
 





===
Ω============
Ω==Ω=Ω=
nFCCC
KRRRRRRRRRRRR
KRRRKR
10
10
1,555,54.4
321
1615141312111098652
7431
   (40) 
11
1234567890‘’“”
IORA-ICOR 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 332 (2 18) 012033 doi:10.1088/1757-899X/332/1/012033
 
 
 
 
 
 
The supplies of all active devices are 15± volt. The proposed circuit is implemented in the electronic 
simulation package MultiSIM. The obtained phase portraits are shown in Figure 1. There is a good 
agreement between these circuital results and the theoretical ones (see Figures. 7–9). 
7.  Conclusions 
This work proposed a novel three-dimensional double-convection chaotic system with three 
nonlinearities. The dynamical properties of the new chaotic system were discussed in detail. The 
qualitative properties included phase portraits, Lyapunov exponents, Kaplan-Yorke dimension, 
dissipativity, stability analysis of equilibria, etc. Adaptive control and synchronization of the new 
chaotic system with unknown parameters were achieved via nonlinear controllers and Lyapunov 
stability theory. Furthermore, an electronic circuit realization of the new 3-D novel chaotic system was 
proposed and the circuit experimental results of the 3-D novel chaotic attractor showed good agreement 
with the numerical simulations.   
12
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Figure 6 Schematic of the proposed new chaotic system by using MultiSIM  
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Figure 7 2-D projection of the new chaotic system on the (x1, x2) plane 
 
 
 
Figure 8 2-D projection of the new chaotic system on the (x1, x3) plane 
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Figure 9 2-D projection of the new chaotic system on the (x2, x3) plane 
 
 
References 
[1] Azar A T and  Vaidyanathan S 2015 Chaos Modeling and Control Systems Design (Berlin: 
Springer) 
[2] Azar A T and  Vaidyanathan, S 2016 Advances in Chaos Theory and Intelligent Control (Berlin: 
Springer) 
[3] Vaidyanathan S and Volos C 2016 Advances and Applications in Nonlinear Control Systems 
(Berlin: Springer) 
[4] Vaidyanathan S and Volos C 2016 Advances and Applications in Chaotic Systems (Berlin: 
Springer) 
[5] Tigan G and Opris D 2008 Chaos, Solitons and Fractals 36 1315-1319 
[6] Li D 2008 Physics Letters A 372 387-393 
[7] Jafari S and Sprott J C 2013 Chaos, Solitons and Fractals, 57, 79-84. 
[8] Sundarapandian V and Pehlivan I 2012 Mathematical and Computer Modelling 55 1904-1915 
[9] Sundarapandian V 2013 Journal of Engineering Science and Technology Review 6 45-52 
[10] Pehlivan I, Moroz I M and Vaidyanathan S 2014 Journal of Sound and Vibration 333 5077-5096 
[11] Vaidyanathan S 2014 International Journal of Modelling Identification and Control 22 41-53 
[12] Vaidyanathan S 2015 International Journal of Modelling Identification and Control 23 164-172 
[13] Vaidyanathan S 2015 Kyungpook Mathematical Journal 55 563-586 
[14] Vaidyanathan S 2016 Archives of Control Sciences 26 19-47 
[15] Molaie M, Jafari S, Sprott J C and Golpayegani S M R H 2013 International Journal of 
Bifurcation and Chaos 23, 1350188. 
[16] Tacha O I, Volos C K, Kyprianidis I M, Stouboulos I N, Vaidyanathan S and Pham V T 2016 
Applied Mathematics and Computation 276 200-217 
[17] Sampath S, Vaidyanathan S, Volos C K and Pham V T 2015 Journal of Engineering Science and 
15
1234567890‘’“”
IORA-ICOR 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 332 (2 18) 012033 doi:10.1088/1757-899X/332/1/012033
 
 
 
 
 
 
Technology Review 8 1-6 
[18] Volos C, Maaita J O, Vaidyanathan S, Pham V T, Stouboulos I and Kyprianidis I 2017 IEEE 
Transactions on Circuits and Systems II: Express Briefs 64 339-343 
[19] Wang X and Chen G 2013 Nonlinear Dynamics, 71, 429-436. 
[20] Pham V T, Vaidyanathan S, Volos C K, Jafari S, Kuznetsov N V and Hoang T M 2016 European 
Physical Journal: Special Topics 225 127-136. 
[21] Pham V T, Jafari S, Volos C, Giakoumis A, Vaidyanathan S and Kapitaniak T 2016 IEEE 
Transactions on Circuits and Systems II: Express Briefs 63 878-882 
[22] Pham V T, Vaidyanathan S, Volos C, Jafari S and Kingni S T 2016 Optik 127 3259-3265 
[23] Kengne J, Chedjou J C, Kenne G and Kyamakya K 2012 Communications in Nonlinear Science 
and Numerical Simulation 17 2914-2923 
[24] Vaidyanathan S 2015 International Journal of PharmTech Research 8 106-116 
[25] Itoh M and Chua L 2017 International Journal of Bifurcation and Chaos, 27, 1730005. 
[26] Xu C and Wu Y 2015 Applied Mathematical Modelling 39 2295-2310 
[27] Bodale I and Oancea V A 2015 Chaos Solitons and Fractals 78 1-9 
[28] Vaidyanathan S 2015 International Journal of ChemTech Research 8 73-85 
[29] Punjabi A and Boozer A 2014 Physics Letters A 378 2410-2416 
[30] Vaidyanathan S, Sambas A, Mamat M and W S Mada Sanjaya 2017 International Journal of 
Modelling, Identification and Control 28 153-166 
[31] Voorsluijs V and Decker Y D 2016 Physica D: Nonlinear Phenomena 335 1-9 
[32] Chattopadhyay J, Pal N, Samanta S, Venturino E and Khan Q J A 2015 Biosystems 138 18-24 
[33] Iqbal S, Zang X, Zhu Y and Zhao J 2014 Robotics and Autonomous Systems 62 889-909 
[34] Sambas A, Vaidyanathan S, Mamat M, Sanjaya W M and Rahayu D S 2016 Studies in 
Computational Intelligence 636 283-310 
[35] Akhmet M and Fen M O 2014 Neurocomputing 145 230-239 
[36] Lian S and Chen X 2011 Applied Soft Computing 11 4293-4301 
[37] Yang J, Wang L, Wang Y and Guo T 2017 Neurocomputing 227 142-148 
[38] Bao B C, Bao H, Wang N, Chen M and  Xu Q 2017 Chaos Solitons and Fractals 94 102-111 
[39] Sambas A, Sanjaya W S, Mamat M and Prastio R P 2016 Studies in Fuzziness and Soft Computing 
337 133-53 
[40] Sambas A, Mamat M, W S Mada Sanjaya, Salleh Z and Mohamad F S 2015 Advanced Studies in 
Theoretical Physics 9 379-394 
[41] Sambas A, Sanjaya W S and Halimatussadiyah 2012 WSEAS Transactions on Systems 9 506-515 
[42] Rucklidge A M 1992 Journal of Fluid Mechanics 237 209-229 
[43] Khalil H K 2002 Nonlinear Systems (New York: Prentice Hall) 
[44] Wolf A, Swift J B, Swinney H L and Vastano J 1985 Physica D 16 285-317 
 
